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Experimental Evaluation of Single-Bolted Lap Joints
at Elevated Temperatures

Erica C. Fischer, Ph.D., P.E., M.ASCE'; Amit H. Varma, Ph.D., Aff. M.ASCE?; and Qiagia Zhu®

Abstract: In U.S. building construction, typical simple (shear) connections are often bolted for flexibility during fabrication and
construction. This paper summarizes the results of experimental investigations of bolted lap-splice joints at elevated temperatures. This
paper provides a comprehensive overview of previously tested bolted lap-splice joints at elevated temperatures and a new testing series
performed by the authors. Bolted lap-splice joints represent a simple approximation of simple bolted connections. The authors tested spec-
imens using steady-state conditions at targeted temperatures. The tests considered two failure modes: bolt shear fracture and bolt bearing. The
authors considered varying parameters within the connection such as bolt diameter, edge distance, and thickness of plate. The results of these
experiments are temperature-dependent bolt shear fracture capacities and experimentally measured axial force—deformation—temperature
relationships. The temperature-dependent bolt shear fracture capacities are compared with those capacities previously measured by
other researchers and the temperature-dependent retention factors provided in Eurocode. The axial force—deformation relationships are com-
pared with previously developed numerical models. DOI: 10.1061/(ASCE)ST.1943-541X.0001911. © 2017 American Society of Civil

Engineers.
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Introduction and Motivation

Simple bolted connections are used in steel-frame buildings to
connect gravity frame members together. These connections are
popular in U.S. building practices because they provide dimen-
sional flexibility during construction and do not require special
inspections. Simple bolted connections are designed for vertical
shear force only at ambient temperature. However, during a fire,
composite floor beams of steel-frame buildings expand during
the heating phase of the fire and contract during the cooling phase
of the fire. This expansion and contraction imposes large axial
forces and moments on the connections. Because these connections
are not designed or detailed to resist axial force or moment, these
connections are vulnerable to the following failure modes during
fire: bolt shear fracture, tearout failure of the plate, and weld rup-
ture. Failure of simple bolted connections within gravity frames can
lead to larger unbraced column lengths than designed for. The floor
beams of a building brace columns against buckling. When a beam-
to-column connection fails, the column’s unbraced length increases
to two story heights of unbraced length. This behavior can lead to
column buckling, partial or full collapse of a building, and spread-
ing of the fire. In order for engineers to simulate the performance
of steel-frame buildings during fire and design members and
connections for the imposed loads and moments due to fire, they
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must have tools to quantify the temperature-dependent behavior of
simple bolted connections. This behavior includes the temperature-
dependent axial force—deformation (P—4) behavior.

Previous researchers performed experimental and numerical
investigations (Sarraj 2007; Kirby 1995; Rex and Easterling
2003; Yu et al. 2009; Hanus et al. 2011; Hu and Engelhardt 2011;
Agarwal et al. 2014; Hirashima et al. 2014; Zhu et al. 2014)
to quantify the temperature-dependent axial force capacity of sim-
ple bolted connections. Quantifying this capacity is a three-
dimensional problem because of the clamping effect caused by
the bolts. The capacity also must consider the interaction between
the connection components including slip, contact, elastic-plastic
deformation, and separation. One method used to simulate the in-
herent temperature-dependent behavior of bolted simple connec-
tions is a series of nonlinear springs. These springs simulate the
axial force—deformation—temperature (P—6—T) relationships for
controlling failure modes of the connection, namely bolt shear frac-
ture and plate bearing.

Axial force—deformation (P—¢) relationships were developed
by researchers to aid engineers in predicting the behavior of simple
connections at elevated temperatures (Block et al. 2007; Sarraj
2007; Agarwal et al. 2014). However, these relationships were de-
veloped using the Eurocode 3 (CEN 2005) temperature-dependent
material properties and benchmarked against experiments using
European-grade steels (Yu et al. 2009).

This paper provides a comprehensive overview of previous
experiments performed on lap-splice joints at elevated temperatures
followed by a discussion of the lap-splice joint tests performed
by the authors. The experiments performed by the authors use
U.S.-grade steel typically used in U.S. construction practice.
The purpose of these experiments is to understand the applicability
of previously developed component models (Sarraj 2007; Agarwal
et al. 2014) to U.S. building construction and design practice. This
is achieved by comparing the component models (Sarraj 2007;
Agarwal et al. 2014) to the experimentally measured axial force—
deformation (P—0) relationships.
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Background

Previous research on simple connections (Kirby 1995; Rex and
Easterling 2003; Yu et al. 2009; Hanus et al. 2011; Hu and
Engelhardt 2011; Agarwal et al. 2014; Hirashima et al. 2014;
Fischer and Varma 2015; Fischer et al. 2016) provides insight
into governing failure modes of simple connections subjected to
axial force at elevated temperatures and modeling techniques to
simulate the performance of bolted simple connections during fire
conditions.

Experimental tests on lap-splice joints have also provided in-
sight into temperature-dependent material properties of bolts.
ASTM A325 (ASTM 2014c) bolts are commonly used in simple
connections in U.S. steel building construction. These bolts are
tempered at a temperature of 427°C (ASTM 2014c). Previous re-
search has observed a significant reduction in shear stress (Yu
2006; Hu and Engelhardt 2011; Kodur et al. 2012) when the bolt
temperature is greater than 400°C.

Previous Experimental Research

Kirby (1995) tested Grade 8.8 bolts in tension and in double-shear
at temperatures up to 800°C to compare temperature-dependent
bolt shear and tensile capacities with the existing Eurocode 3
guidelines for fire limit states. Grade 8.8 bolts are widely used
throughout Europe in steel-frame building construction; however,
temperature-dependent shear stress retention factors of Grade 8.8
bolts are different than ASTM A325 bolts. The tests performed by
Kirby demonstrated significant loss in ultimate bolt capacity at
300°C. At temperatures above 700°C the bolts retained limited
strength. Retention factors provided in BS5950 (BSCA 2001) were
compared with those obtained experimentally and found to be
conservative especially in the lower temperature regions.

Rex and Easterling (2003) performed a series of tests to inves-
tigate plate bearing behavior of connections at ambient temperature
only. Lap-splice joints were loaded in tension to measure the axial
force—deformation (P—¢) relationship. Influence of parameters
such as plate thickness, edge distance, plate yield stress, plate ul-
timate stress, and bolt diameter were examined. Rex and Easterling
(2003) observed four different types of failure modes from the tests:
(1) bearing; (2) tearout; (3) splitting; and (4) curling of the plate.
The results of these tests were used to develop a numerical model
for the initial stiffness of the axial force—deformation (P—0)
relationship. This numerical model was used as the basis of other
numerical models developed by Sarraj (2007) and Agarwal et al.
(2014).

Yu et al. (2009) tested a series of bolts in shear to benchmark
numerical models that simulate temperature-dependent bolt shear
behavior (Sarraj 2007). The connections tested were full-scale con-
nections rather than lap-splice joints and were designed and con-
structed with typical European building materials to the governing
codes at the time. Each connection was loaded with a combination
of shear and axial force until fracture. Yu et al. (2009) showed that
the capacity of Grade 8.8 bolts controls the experimentally mea-
sured connection capacity. These tests were used to validate and
benchmark the bolt shear fracture mathematical model developed
by Sarraj (2007).

Hu and Engelhardt (2011) conducted similar experiments to Yu
et al. (2009) using U.S. building materials. Axial force was applied
to shear-tab connections at varying temperatures to measure the
axial force—deformation (P—¢) relationship for bolt shear and plate
bearing failure modes. Each specimen consisted of an ASTM A992
(ASTM 2015b) W12 x 16 beam with a 9.5-mm (3/8-in.) thick
shear-tab with three 19-mm (3/4-in.) ASTM A325 bolts. The tests

© ASCE

04017176-2

were conducted at ambient temperature, 400, 500, 550, and 700°C.
The controlling limit state at ambient temperature was bolt bearing
on the beam web. However, as the temperature increased more shear
deformation of the bolts was observed after the tests. At tempera-
tures above 500°C bolt shear fracture was the controlling limit state
and little to no bolt hole deformation was observed after the test.

Hanus et al. (2011) continued to investigate the bolt shear stress
behavior of Grade 8.8 bolts with temperature, performing ambient,
steady-state, and real fire tests on full-scale bolted connections.
Hanus et al. (2011) performed the heated tests by heating to a target
temperature and allowing the temperature to stabilize for 15 min
prior to loading. This stabilization phase was used to ensure the
temperature of the bolt at the shear plane was the same as the tem-
perature measured on the head of the bolt. The results of these tests
demonstrated that at temperatures above 500°C the shear strength
of the bolt decreases but the ductility increases.

Kodur et al. (2012) tested a series of ASTM A325 (ASTM
2014c) and ASTM A490 (ASTM 2014b) bolts at elevated temper-
ature to investigate the thermal and mechanical properties of the
bolts. Seven steady-state tests were performed at temperatures
ranging from ambient temperature to 800°C. Similar to the tests
performed by Hanus et al. (2011), specimens were heated to a target
temperature followed by a stabilization phase for 15 min prior to
loading. The results from the tests were similar to those of Hanus
et al. (2011), in which with increasing temperature, the shear
strength of the bolts decreases with increasing ductility. At ambient
temperature, the bolts fractured with a fibrous pullout type fracture
surface. However, at temperatures above 400°C the fracture surface
was more cup-cone shaped and became more so as the temperature
increased above 500°C. The cup-cone shape of the fracture surface
of the bolts at elevated temperatures demonstrates a more ductile
failure mode.

Hirashima et al. (2014) tested 16 specimens of bolted double-
splice friction joints at ambient temperature, 400, 500, and 700°C.
The purpose of this investigation was to quantify bolt shear and plate
bearing behavior at various temperatures. Hirashima et al. (2014)
examined four parameters: plate thickness, vertical end distance, pre-
tension of the bolt, and temperature. Each specimen consisted of four
plates and two bolts: two main plates, two splice plates, and two
high-strength bolts. The results of these tests showed that at temper-
atures greater than 400°C the controlling failure mode of the lap-
splice joint changed from plate bearing to bolt shear. Hirashima et al.
(2014) also observed that plate thickness had the greatest influence
on the overall ductility of the joint. Pretensioned bolts did not influ-
ence the connection capacity at elevated temperatures.

Previous Numerical Research

Sarraj (2007) developed simple temperature-dependent nonlinear
mathematical models for axial force—deformation (P—¢) relation-
ships for different components within the connection: (1) bolt shear
fracture; (2) bolt bearing on beam web; and (3) bolt bearing on
shear-tab. Yu et al. (2009) validated the model developed for bolt
shear fracture through experimental tests. The initial stiffness of
these mathematical models is based upon the model developed
by Rex and Easterling (2003). Although the bolt shear numerical
model was benchmarked by Yu et al. (2009), the plate bearing
numerical axial force—deformation numerical model has not been
experimentally validated. This numerical model assumes that the
bolt bearing deformation increases indefinitely as the axial force
on the connection increases. This is an unrealistic assumption
for postpeak ductility.

Agarwal et al. (2014) modified Sarraj (2007) bolt bearing mod-
els in the postpeak behavior. Agarwal et al. (2014) modified the
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declining portion of the force—deformation curve to match that of
the bolt shear behavior. The modified relationship assumes to fol-
low the original Sarraj (2007) curve until bolt bearing deformation
is equal to half the diameter of the bolt and then reduces linearly to
zero at a displacement equal to the bolt diameter. This force—
deformation (P—0¢) relationship will be compared with the force—
deformation relationship experimentally measured by the authors.

Design of Experiments

The authors tested a series of lap-splice joints to measure the
temperature-dependent bolt shear and plate bearing axial force—
deformation (P—§) behavior of connections. Each lap-splice joint
was constructed using two ASTM A36 (ASTM 2014a) plates, con-
nected with one ASTM A325 (ASTM 2014c) bolt. The specimens
were tested in steady-state conditions at ambient temperature, 400
and 600°C. Each of these tests used high-temperature ceramic fiber
heaters to heat the specimen. Both testing series used the same test
setup and instrumentation.

Test Setup

The test setup for both the plate bearing and the bolt shear tests con-
sisted of two steel beams connected by two hydraulic rams and post
tensioning bars. Fig. 1 shows the loading frame and test setup along
with dimensions of the bolt shear lap-splice joint specimen. The
bottom beam of the loading frame was post tensioned to the labo-
ratory floor, whereas the top beam remained vertically unrestrained.
Fig. 1(a) shows an elevation view of the loading frame with a speci-
men. Each specimen was bolted to the top and bottom loading
beam through a T-stub connection as shown in Figs. 1(b and c).
Two 305 x 305 mm (12 x 12 in.) ceramic heaters with a maximum
surface temperature of 1,250°C were used to heat each side of the
specimen at a rate of 15°C/min. Insulation was used to protect the
sensor equipment and the loading frame from heat damage.

Instrumentation

Bolt and plate displacements were measured using voltage sensors.
Displacement transducers and string potentiometers were attached
to metal strips welded to each location shown in Fig. 2(a). In
Fig. 2(a), SP designates the location of each string potentiometer
used within the setup. The displacement transducers used that were
not string potentiometers were simple displacement transducers.

Two displacement sensors were used at each welded strip to ac-
count for potential rotation of the upper loading beam within the
test frame during each test. The displacement measurements from
these two sensors were averaged. For example, the average of SP1
and SP2 was the measured displacement of the bolt head. Likewise,
the average of SP7 and SP8 was the measured displacement of the
end of the bolt shank. Bolt shear deformation was calculated as
the relative movement of the end of the bolt shank to the bolt head.
The relative movement of the bolt head versus Plate 2 (lower plate)
was the bolt bearing deformation for Plate 2. The relative move-
ment of the end of the bolt shank versus Plate 1 (upper plate) was
the bolt bearing deformation for Plate 1. Each displacement sensor
was mounted to the lower loading beam.

The temperature distribution through the thickness of the bolt
and on the face of both plates was measured using Type K thermo-
couples. Fig. 2(b) shows the thermocouple locations in each of the
experiments. Thermocouples were mounted on both the head and
tail of the bolt, and both plates of the lap-splice joint specimens. A
hole with 3.2 mm (0.125 in.) diameter was drilled through the bolt
from the bolt head to a location that was approximately 3.2 mm
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(0.125 in.) away from the shear plane. A thermocouple was placed
inside of this hole to measure the temperature near the shear plane
of the bolt. The hole did not cross the shear plane of the bolt and
therefore did not affect the experimentally measured bolt shear
capacity.

Testing Protocol

Each specimen was tested under steady-state conditions. Heat was
applied to both surfaces of the specimen. When the target temper-
ature was reached, and the temperature near the shear plane of the
bolt was approximately the same as the temperature at the head of
the bolt, then loading was applied to the specimen while holding
the target temperature constant. Loading was applied to each speci-
men at the rate of approximately 1 kip/min. The tests were termi-
nated when failure occurred in the specimen (bolt shear fracture or
tearout failure of the plate) or when the specimen could no longer
carry the load applied by the hydraulic ram. This was quantified as
the calculated stiffness of the specimen was approaching zero.

Bolt Shear Tests

Four lap-splice joint specimens were tested to measure the
temperature-dependent axial force—deformation (P—o6) relationship
for bolt shear failure mode. The experimental results were com-
pared to bolt shear tests performed by other researchers (Kirby
1995; Yu 2006; Yu et al. 2009; Hu et al. 2011; Kodur et al. 2012).
Table 1 shows the testing matrix of these four specimens along with
failure load (P) and failure shear displacement (6). Each specimen
consisted of an ASTM A325 bolt with 19 mm (0.75 in.) diameter
connecting two ASTM A36 plates with 12.7 mm (0.5 in.) thick-
ness. The specimens were designed such that bolt shear was the
controlling limit state at ambient temperature; therefore, an edge
distance of 50.8 mm (2 in.) was used in each specimen. Each speci-
men used ASTM F436 (ASTM 2016) washers and ASTM A563
(ASTM 2015a) Grade DH nuts.

Bolt shear fracture is typically categorized as a brittle fracture;
however, at elevated temperatures the bolt shear fracture surface
was observed as concave, implying a more ductile failure mode than
at ambient temperature. The two specimens tested at ambient tem-
perature fractured at measured shear displacements of 5 and 6.9 mm
for BS-1 and BS-2, respectively. These two tests were used as con-
trol specimens for the heated tests. The failure load and failure dis-
placements of these tests were within 5% of one another, providing
consistency in the testing protocol, and are shown in Table 1.

Fig. 3 shows the bolt hole of each bolt shear specimen after the
completion of the tests. Limited plate bearing deformation was ob-
served during these experiments. Photographs of the fractured
bolts, including the fracture surface from test BS-1, BS-3, and
BS-4 are shown in Figs. 4-6.

Failure of Specimens BS-1 and BS-2 was defined by bolt shear
fracture, however, failure of BS-3 and BS-4 was defined by loss of
load-carrying capacity of the specimen (stiffness of the specimen
approached zero). After testing BS-3 and BS-4, the bolt was not
completely fractured. The fracture surface of the bolt in Specimens
BS-1 and BS-2 was shiny and smooth, but not flat. The partial frac-
ture surface of the bolt after testing of Specimen BS-3 showed blue
color and the texture was rougher than the fracture surface of the
bolts in the ambient tests.

Fig. 7 shows the experimentally measured axial force—deformation
(P—0) data for all the tests. The initial linear portion of the curve
represents the shear stiffness of the bolt. As the temperature in-
creased, the measured shear stiffness and strength of the bolts
decreased. The shear displacement of the bolt increased with
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Fig. 1. Testing frame for bolt shear and plate bearing lap-splice joint: (a) elevation view of test setup; (b) elevation view of specimen dimensions and
setup; (c) profile view of specimen setup
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Fig. 2. Instrumentation layout for lap-splice joint tests: both bolt shear and plate bearing: (a) elevation view of instrumentation; (b) profile view of
instrumentation layout and string potentiometers used in each experiment

Table 1. Test Matrix and Results for Lap-Splice Joints Tested for Bolt
Shear Failure

Failure axial

increasing temperature, implying increasing ductility. The shear

strength of the bolt and failure displacement are listed in Table 1.

The retention factors for each of the bolts are shown in Fig. 8.
Fig. 8 compares the results of these experiments with the results

Specimen Failure load, P dlSplacemem’ 6 of bolt shear tests performed by other researchers (Kirby 1995; Yu
name Temperature (kN (kip)] [mm (in.)] 2006; Yu et al. 2009; Hu et al. 2011; Kodur et al. 2012). The re-
BS-1 Ambient 137 (30.8) 502 tention factors are defined as the measured bolt shear capacity at
BS-2 Ambiem 133 (29.9) 6.9 (0.27) designated temperature divided by the bolt shear capacity at ambi-
ggi 28808 12? 5327)9) 18; Eg:g; ent temperature. Fig. 8 shows the comparison between the exper-

: - imentally obtained retention factors and the calculated retention
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Fig. 3. Bolt hole after each bolt shear test: (a) BS-1 (ambient temperature); (b) BS-3 (400°C); (c) BS-4 (600°C)

Fig. 4. Bolt shear fracture for Specimen BS-1 (ambient temperature): (a) profile view or shear fracture of bolt; (b) fracture surface of bolt after

experiment

factors per Eurocode 3. Fig. 8 shows that the retention factors
obtained from the tests described in this paper are consistent with
those obtained by other researchers.

Plate Bearing Tests

Seven single-bolted lap-splice joints were tested at elevated tem-
peratures to investigate the temperature-dependent plate bearing
(tearout) failure mode. Geometric parameters of the plates were var-
ied to quantify their influence on the temperature-dependent plate
bearing capacity. The testing parameters included (1) temperature,
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(2) bolt diameter, and (3) plate thickness. The experimentally ob-
tained axial load—deformation (P—4) relationships were compared
with the numerical model developed by Sarraj (2007) and further
refined by Agarwal et al. (2014).

Each specimen was tested under steady-state conditions in
which the specimen was heated to a target temperature, and then
loaded to failure while the temperature remained constant. Failure
of the specimen was categorized as either tearout failure of the plate
or loss of load-carrying capacity of the specimen. The testing ma-
trix, maximum axial forces (P), and maximum plate deformation
(6) are shown in Table 2.

J. Struct. Eng.
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(@)

(b)

Fig. 5. Bolt shear fracture for Specimen BS-3 (400°C): (a) profile view or shear fracture of bolt; (b) fracture surface of bolt after experiment

(a)

(b)

Fig. 6. Bolt shear fracture for Specimen BS-4 (600°C): (a) profile view or shear fracture of bolt; (b) fracture surface of bolt after experiment
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Fig. 7. Applied load-axial displacement (P—¥) for bolt shear lap-splice
joint tests

The plates in the specimens presented in Table 2 were designed
with standard bolt holes with minimum required edge distances
prescribed by the AISC Specification [AISC 360-16 (AISC
2016)]. All steel plates had widths of 114 mm (4.5 in.). The yield
and tensile strengths of the plates were determined through
coupon tests and are summarized in Table 3. The bolts in all the
tests were snug-tight, and the washer was installed on the side
of the nut. The estimated plate bearing strength and bolt shear
strength of the specimens were calculated using AISC Equations
J3-6b and J4-4 [AISC 360-10 (AISC 2010)]. The retention factors

© ASCE

04017176-7

1.00 F@
K- S exgey
_ 075}
=]
S
= \
]
S 0.50 %(
g X Kirby (1995) \
S A Yu (2006) %
& X Yuetal. (2009) Xo
025} @ Huetal (2011) EL
Kodur et al. (2012)
¢  Fischer et al. (this paper) Xtm_
- = = Eurocode (Gr. 8.8) o
0'00llllllllllllllllllllllllllllllll

200 400 600 800
Temperature [°C]

Fig. 8. Experimentally measured retention factors for ultimate bolt
stress varying with temperature compared with Eurocode 3

for the tensile strength of the plates were assumed to comply
with the retention factors developed by NIST researchers and pre-
sented in NIST (2009). The retention factors for the bolt ultimate
stress were assumed to follow the AISC Specification (AISC
360-16).

The two plates in the specimen are referred to as Plates 1 and 2.
Plate 1 is connected to the bottom beam of the loading frame, and
Plate 2 is connected to the top beam of the loading frame. Bearing
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Table 2. Test Matrix and Results for Lap-Splice Joints Tested for Plate Bearing Failure

Failure axial
Specimen Temperature Bolt diameter Plate thickness Failure load, P displacement,
name (°C) [mm (in.)] [mm (in.)] [kN (kip)] [mm (in.)]
PB-1 Ambient 19 (0.75) 6.35 (0.25) 77.4 (17.4) 5.6 (0.22)
PB-2 402 19 (0.75) 6.35 (0.25) 64.4 (14.5) 22.9 (0.9)
PB-3 610 19 (0.75) 6.35 (0.25) 30.5 (6.9) 38.8 (1.5)
PB-4 406 22.2 (0.875) 6.35 (0.25) 76.2 (17.1) 27.2 (1.1)
PB-5 605 22.2 (0.875) 6.35 (0.25) 33 (74) 25.8 (1)
PB-6 417 19 (0.75) 9.5 (0.375) 100.6 (22.6) 57.1 2.2)
PB-7 607 19 (0.75) 9.5 (0.375) 46.1 (10.4) 299 (1.2)
Table 3. Measured Material Properties of Plates Used for Lap-Splice
Joints Tested in Plate Bearing
Thickness of Yield stress Ultimate stress
plate [mm (in.)] [MPa (ksi)] [MPa (ksi)]
6.4 (0.25) 265 (38.4) 401 (58.2)
9.53 (0.375) 288 (44.1) 328 (50.3)
failure of Plate 2 was observed prior to Plate 1. Bolt rotation was
observed while testing Specimens PB-2 and PB-3. The bolt ro-
tation occurred because of double curvature in the lap-splice ~

joint. This bolt rotation can skew the experimental data collected.
To minimize the influence of bolt rotation on the measured axial
force—deformation (P—0) relationship, additional displacement
sensors were added to subtract this rotation out of the data col-
lected. The measurements are corrected based on the assumption
that the bolt is rotating with rigid body movement about the
shear plane of the bolt. Using the length of the bolt on either
side of the shear plane and the displacements of the bolt head
and tail, the rotation of the bolt throughout the test, and the re-
sulting displacement of the bolt head and tail due to this rotation,
can be calculated. Fig. 9 shows the bolt rotation and double
curvature observed after testing PB-2. Double curvature of the
plates was also observed after testing Specimens PB-3, PB-4,
PB-5, and PB-6.

Figs. 10—12 show each bolt bearing specimen after the comple-
tion of the test. Additional photos have been compiled and are
available in (Zhu et al. 2014). The photos in Figs. 10—12 show large
bolt hole elongation observed in Specimens PB-1, PB-2, PB-3,
PB-4, and PB-5. These specimens used plates with 6.4 mm
(0.25 in.) thickness. Specimens PB-6 and PB-7 used plates with
9.5 mm (0.375 in.) thickness, and limited bolt hole elongation
was observed after the testing of these specimens.

Figs. 13(a—c) show the applied axial load to the specimen (P)
versus the plate deformation (6) of each of the plates. The test data
is compared to the predicted plate bearing axial force—deformation
(P—6) using the component model (Sarraj 2007; Agarwal
et al. 2014). The bolt bearing deformation of Plate 1 shown in
Figs. 13(a—c) was calculated as the difference in the measured de-
formation of Plate 1 and the bolt head. Likewise, the bolt bearing
deformation of Plate 2 was calculated as the difference in the mea-
sured displacement of Plate 2 and the bolt nut. The photos of the
plates after the experiments show that the deformation of the plates
was not symmetrical. Plate 2 controlled the failure of the control
Specimen (PB-1) and the specimens tested at 400°C, whereas
Plate 1 controlled the failure of the specimens tested at 600°C regard-
less of plate thickness and bolt diameter. As discussed previously,
displacement of the plates, bolt head, and bolt nut were considered
during the experiments.
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Fig. 9. Cross section through lap-splice joint of Specimen 2-PB-400

Additional displacement sensors were used to measure the ro-
tation of the bolt while testing Specimens PB-5, PB-6, and PB-7.
This data was used to remove the effects of bolt rotation from the
applied load—deformation (P—6). The applied load—deformation
(P—6) data for Specimen PB-6 is shown in Fig. 14. This data is
shown corrected and uncorrected for the out-of-plane bolt rotation.
This figure shows there is no significant difference between the
two. The relationships shown in Figs. 13(a—c) are corrected for
the bolt rotation.

Test Results

Specimen PB-1 used two 6.4 mm (0.25 in.) steel plates connected
with one bolt with diameter of 19 mm (0.75 in.). The failure mode
of this specimen was tearout failure of Plate 2. Figs. 10(a and b)
show fracture on one side of the bolt hole of Plate 2 of Specimen
PB-1. The fracture is parallel to the direction of loading in the
specimen. Limited bolt shear deformation was observed after the
test. The axial force—deformation (P—4§) for Specimen PB-1 is
shown in Fig. 13(a). The test results show the tearout fracture limit
state was a sudden fracture at peak load.
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(d)

(b)

()

Fig. 10. Lap-splice joints after testing for plate bearing failure mode: (a) Specimen PB-1, Plate 1; (b) Specimen PB-1, Plate 2; (c) Specimen PB-2,
Plate 1; (d) Specimen PB-2, Plate 2; (e) Specimen PB-3, Plate 1; (f) Specimen PB-3, Plate 2

(d) (e)

Fig. 11. Lap-splice joints after testing for plate bearing failure mode: (a) Specimen PB-4, Plate 1; (b) Specimen PB-4, Plate 2; (c) Specimen PB-5,
Plate 1; (d) Specimen PB-5, Plate 2; (e) Specimen PB-4, Plate 1; (f) Specimen PB-6, Plate 2

Specimens PB-2 and PB-3 used the same size plates and bolt as
Specimen PB-1, but varied the temperature of testing to 400°C and
600°C, respectively. Specimen PB-2 failed in tearout failure of the
bolt hole in Plate 2. The fracture path was flared, and fracture oc-
curred on both sides of the bolt hole. This fracture is shown in
Figs. 11(b and d). The retention factor from Eurocode 3 for the
steel plate (k, 7) at 400°C is 1.0; however, the maximum measured
load capacity (P,,) of the lap-splice joint was reduced by 20% from
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Specimen PB-1. The measured applied load—deformation (P—6) for
Specimen PB-2 is shown in Fig. 13(a). Similar to Specimen
PB-1, there is a sudden drop in load-carrying capacity after the tea-
rout fracture of the plate.

The test of Specimen PB-3 was stopped when the deformation
of the plate exceeded 1.5 times the diameter of the bolt (d}).
Because of this criterion, the test was stopped before tearout failure
of the plates. Whereas bolt shear deformation was not observed

J. Struct. Eng.

J. Struct. Eng., 2018, 144(1): 04017176



Downloaded from ascelibrary.org by University of Birmingham on 11/02/17. Copyright ASCE. For personal use only; all rights reserved.

©

Fig. 12. Specimen PB-7 lap-splice joint: (a) Plate 1; (b) Plate 2; (c) bolt shear fracture

within Specimen PB-2, it was observed after testing Specimen
PB-3. The retention factor from Eurocode 3 for the steel plate
(ky7) at 600°C is 0.47. The maximum measured load capacity
(P,,) of Specimen PB-3 was 60% of that of Specimen PB-1.
The measured axial load—deformation (P—¢) relationship data is
shown in Fig. 13(a). Figs. 10(e and f) show the specimen after test-
ing. Compared with Specimens PB-1 and PB-2, the bolt hole elon-
gation increased during the testing of Specimen PB-3.

Specimens PB-4 and PB-5 used plates with 6.4 mm (0.25 in.)
thickness connected with one bolt having a diameter of 22.2 mm
(0.875 in.). Failure of Specimen PB-4 was controlled by tearout
failure of Plate 1. Fracture occurred only on one side of the bolt
hole and, similar to Specimen PB-2, the fracture was flared rather
than parallel with the direction of loading. No visible bolt shear
deformation was observed after the test. Increasing the diameter
of the bolt increased the maximum measured load capacity (P,,)
by 18% from Specimen PB-2. The measured applied load—axial
displacement (P—0¢) is plotted in Fig. 13(b). Figs. 11(a and b)
show Specimen PB-4 after the experiment was complete. The
figures show that the bolt hole elongation of Specimen PB-4 is
much larger than the bolt hole elongation observed after testing
PB-2.

Specimen PB-5 used the same geometry of PB-5; however, the
experiment was performed at 600°C. Similar to testing of PB-3,
the test was stopped when the plate deformation exceeded 1.5 times
the diameter of the bolt (d,). Whereas bolt shear deformation
was observed after testing PB-3, no bolt shear deformation was
observed when the bolt diameter was increased to 22.2 mm
(0.875 in.). The maximum measured load capacity (P,,) increased
by 4% from Specimen PB-3, which is small when variations
in fabrication and construction of the specimen are considered.
Figs. 11(c and d) show Specimen PB-5 after failure. The bolt hole

© ASCE

04017176-10

elongation is approximately the same as the bolt hole elongation
observed in Specimen PB-3. The applied load—axial displacement
(P—06) is shown in Fig. 13(b).

Specimens PB-6 and PB-7 used plates with 9.5 mm (0.375 in.)
thickness connected with one bolt having a 19 mm (0.75 in.) diam-
eter. Specimen PB-6 failed because of tearout failure of Plate 1.
Similar to Specimen PB-2, the fracture occurred on both sides of
the bolt hole in a flared path and is shown in Figs. 11(e and f). No
bolt shear deformation was observed after this test. An increase
in plate thickness from 6.4 to 9.5 mm increased the maximum mea-
sured load capacity (P,,) by 56%. The measured applied load—
deformation (P—4) data is shown in Fig. 13(c).

Specimen PB-7 used the same geometry as Specimen PB-6 and
was tested at 600°C rather than 400°C. The test was stopped when
bolt shear fracture occurred. Fig. 13 shows the bolt shear fracture
and plates after the test. The bolt hole elongation is smaller than the
other specimens tested at 600°C (PB-3 and PB-5). The increase in
plate thickness from 6.4 to 9.5 mm from Specimen PB-3 increased
the maximum load capacity (P,,) by approximately 50%. This is
consistent with the increase between Specimens PB-2 and PB-6.
The measured applied load—axial displacement (P—¢) data is
shown in Fig. 13(c).

Comparison of Test Data with Numerical Models

Hirashima et al. (2014) showed good comparison between their
plate bearing testing data and the component model developed
by Sarraj (2007). The specimens used either 9- or 19-mm plates
for the lap-splice joint, and one 20-mm-diameter bolt. In all of
the cases, the measured load-carrying capacity of the lap-splice
joint was larger than the plate bearing capacity predicted by the
component model (Hirashima et al. 2014).
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Fig. 13. Applied load-axial displacement (P—6) for lap-splice joints tested for plate bearing failure modes compared with component model
developed by Sarraj (2007) and Agarwal et al. (2014): (a) Specimens PB-1, PB-2, and PB-3; (b) Specimens PB-4 and PB-5; (c) Specimens
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Fig. 14. Comparison of corrected and uncorrected axial load-axial
deformation for PB-5
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The test results presented in this paper showed that when a
6.4 mm plate was used in the lap-splice joint, the numerical model
shows good agreement with the test data as the applied load in-
creases. However, as shown in the test data, the tearout fracture limit
state was a sudden fracture at peak load. This sudden fracture is not
reflected in the component model (Sarraj 2007; Agarwal et al. 2014).
Rather the component model shows a gradual decrease in load-
carrying capacity of the lap-splice joint after peak applied load. This
difference can be seen in Fig. 13(a) for Specimens PB-1 and PB-2.

The test results demonstrated that for specimens tested at
600°C, there is more ductility within the specimen than the numeri-
cal component model (Sarraj 2007; Agarwal et al. 2014) considers.
The failure displacement of Specimens PB-3 and PB-5 are
larger than predicted by the component model because there
was both bolt shear and plate bearing deformation in the specimen.
Figs. 13(a and b) show the comparison between the numerical com-
ponent model and the measured axial load—deformation behavior
of the lap-splice joint.

The test results demonstrated that for specimens tested using
plates with 9.5 mm (0.375 in.) thickness, the numerical component
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model (Sarraj 2007; Agarwal et al. 2014) underestimates the maxi-
mum axial load-carrying capacity of the lap-splice joint. Fig. 13(c)
shows a comparison between the calculated and measured axial
load—deformation (P—§) relationships. For these specimens, the
numerical component model is able to predict the maximum plate
deformation of the specimens.

Calculated Plate Bearing Capacity

Three methods are available to calculate the bolt bearing capacity
of the lap-splice joints tested. Two methods of calculating the
bearing strength are from the AISC Specification: the 1993
Specification [AISC 360-93 (AISC 1993)], and the 2016 Specifi-
cation (AISC 360-16). The third method of calculating bearing
strength is from Eurocode 3. Egs. (1)—(3) show the bearing
strength as calculated by the 1993 AISC Specification, 2016
AISC Specification, and Eurocode 3. The current AISC Specifica-
tion uses Eq. (2) to calculate bolt bearing capacity when the
deformation at the bolt hole is considered during service loading
conditions

e
Fh.lzd_iFudbt (1)
—0.5d
Fb.2 == 1282d7bbFudbt (2)
25e
Fy3= ?d_iFudbt (3)

where d;, = diameter of the bolt; e, = distance from the center of
the bolt hole to the edge of the plate in the direction parallel
to loading; F, = ultimate stress capacity of the plates; and ¢ =
thickness of the plate.

Table 4 shows the ratio of the experimentally obtained maxi-
mum load capacity (P,,) of each specimen to Egs. (1)—(3). The
Fy1, Fp,,and F), 5 bearing strengths were calculated using the geo-
metric and material parameters of the specimens presented in
Tables 2 and 3. Ultimate stress retention factors obtained from
Eurocode 3 were used. The 1993 AISC Specification bolt bearing
capacity (F} ) has the best correlation with the experimental data
with ratios varying from 0.93 to 1.2. Both the 2016 AISC Speci-
fication (Fj,) and Eurocode 3 (F,3) equations for bolt bearing
capacity show conservative estimates for bolt bearing strength. This
can be seen in Table 4 where the ratios of the experimentally mea-
sured maximum load capacity (P,,) to the calculated bolt bearing
strength for Fj,, and F, 5 are well above 1.0 with F,, being the
most conservative.

Table 4. Comparison of Experimentally Measured and Calculated Bolt
Bearing Capacity

Specimen name P, Fp P, Fp, P, Fys
PB-1 1.2 1.60 1.44
PB-2 0.99 1.33 1.20
PB-3 1.25 1.67 1.50
PB-4 0.94 1.21 1.13
PB-5 1.09 1.39 1.30
PB-6 0.93 1.24 1.12
PB-7 1.14 1.51 1.36
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Summary and Conclusions

This paper presented a discussion of the performance of simple
(shear) connections during fires, specifically the plate bearing
and bolt shear fracture failure modes at elevated temperatures.
The authors performed and summarized a testing series that inves-
tigated the influence of various parameters (bolt diameter, plate
thickness, and temperature) on these failure modes at elevated
temperatures.

Experimentally measured retention factors for temperature-
dependent bolt shear capacity were compared with those obtained
by previous research (Kirby 1995; Yu 2006; Yu et al. 2009; Hu and
Engelhardt 2011; Kodur et al. 2012) and the temperature-dependent
bolt shear capacities provided in Appendix IV to the AISC Speci-
fication (AISC 360-16). There is good agreement between the
temperature-dependent retention factors obtained by the authors
and previous researchers and the AISC Specification (AISC
360-16).

The measured applied axial force-deformation (P—¢) relation-
ships for plate bearing were compared with component spring mod-
els developed by Sarraj (2007). The comparison showed that the
softening behavior in the component model curves was not present
during the test. The tearout failure occurred suddenly, and there
was little or no loss of load-carrying capacity prior to the fracture.
The component model (Sarraj 2007; Agarwal et al. 2014) predicted
the maximum load-carrying capacity for specimens using plates
with thickness of 6.4 mm (0.25 in.). However, when the plate thick-
ness was increased to 9.5 mm (0.375 in.), the component model
(Sarraj 2007; Agarwal et al. 2014) underpredicted the maximum
load for the lap-splice specimen. The component model also under-
predicted the maximum axial displacement for specimens tested at
600°C using plates with thickness of 6.4 mm (0.25 in.).

Double curvature of the lap-splice specimens was observed after
many of the tests. This curvature cased rotation of the bolt and may
have skewed the test data for test setups that did not consider or
explicitly measure this behavior. These conclusions are made from
a limited number of tests performed by the authors and com-
parisons with previous research (Hirashima et al. 2014). Future
lap-splice tests performed to evaluate the axial load—deformation
relationships should be designed to limit the curvature of the plates
and subsequent rotation of the bolt.

The authors found the current code level bolt bearing capacity
(AISC 360-16) is conservative compared with the test results for
temperature-dependent bolt bearing capacity of lap-splice joints.
This conservatism is regardless of bolt diameter or plate thickness.
This conservatism is acceptable because of the variability of
material properties at elevated temperature, and the importance
of connections in the overall stability of steel-frame buildings
during fires.

The authors have summarized experimental investigations of
lap-splice joints tested at elevated temperatures. These investiga-
tions have produced a wealth of information regarding failure
modes and experimental data that can be used to improve the
numerical component models available to designers to simulate
the behavior of simple bolted connections at elevated temperatures.
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